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Abstract In this paper we present the stellar population 
synthesis results for a sample of 75 bulges in isolated spiral 
Sb-Sc galaxies, using the spectroscopic data from the Sloan 
Digital Sky Survey and the STARLIGHT code. We find 
that both pseudo-bulges and classical bulges in our sample 
are predominantly composed of old stellar populations, with 
mean mass- weighted stellar age around 10 Gyr. While the 
stellar population of pseudo-bulges is, in general, younger 
than that of classical bulges, the difference is not significant, 
which indicates that it is hard to distinguish pseudo-bulges 
from classical bulges, at least for these isolated galaxies, 
only based on their stellar populations. Pseudo-bulges have 
star formation activities with relatively longer timescale than 
classical bulges, indicating that secular evolution is more 
important in this kind of systems. Our results also show that 
pseudo-bulges have a lower stellar velocity dispersion than 
their classical counterparts, which suggests that classical 
bulges are more dispersion-supported than pseudo-bulges. 

Keywords galaxies: spiral-galaxies: evolution-galaxies: 
stellar content-galaxies: bulges 



1 Introduction 

The properties of bulges, such as their structure, kinematics, 
and stellar population, are important to probe the physical 
mechanisms responsible for the formation and evolution of 
galaxies. Similarities between the global properties of many 
bulge s and of elliptical g alaxies have long been recognize d 



(e.g. iKormendvi 119851: iBender. Burstein & Faben 1 19921) 
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However, recent observations have revealed that some 
bulges are more complicated than pr eviously thou ght and 
may be formed from spiral disks (e.g. Fisher 20061) . In the 
literature, bulges those appear very similar to pure elliptical 
systems are named as classical bulge s and those relate to the 
disk a re called as pseudo-bulges (e.g. Kormendy & Kennicutl^ 



2004) 



Classical bulges are typically having hot stellar dynam- 
ics and more nearly de Vaucauleurs j?'^"* s urface bright- 
ness profiles jKormendv & Kennicutti 120041) . They have 
nearly the same fundamental plane r elation as ellipticals 
dBender. Burstein & Fabenl 19921 Il993b . Pseudo-bulges are 
flat components with nearly exponential surface brightness 
profiles an d thus more disk- like in both their morphology 
and shape ( Fisher & Dro ry2008*). and the y are dominated 
by rot ation in dynamics ([Ko rmendy 1993 : Kormendy & Kennicutt^ 



20041) . However, there remain many uncertainties in making 



a clear-cut distinction between these two cases, particularly 
in regard to the stellar populations of spiral bulges. 

In the current paradigm, formation scenarios for bulges 
can be divided into two categories: one is identical to those 
for pure elhp ticals and the other is to invo lve the secular 
evolution Tsee Kormendy & Kennicu^l2004 . for a review). 
Classical bulges were formed through rapid and/or violent 
process which includes bo th the monoli thic collapse of a 
primordial gas cloud (e.g. Larsonlll974l) and major/minor 
merging events ( Kauffmann 1996h . While in the secular evo- 
lution scenario, bulges have been slowly assembled by inter- 
nal and environmental secular processes. Stellar population 
studies can potentially discern between different formation 
mechanisms responsible for spiral bulges. The detailed anal- 
ysis of the stellar populations of nearby galaxies can be used 
to probe their dominant mechanism(s) at the epochs of star 
formation and mass assembly. Moreover, a successful for- 
mation scenario has to reproduce the observed properties of 
ages, metallicities, and kinematics of the bulges. The light- 
and mass-weighted quantities can be used to form a com- 
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prehensive picture of the star formation history (SFH) of a 
given system. 

In this work, we present a spectroscopic study of the 
bulge dominated region of a sample of spiral galaxies se- 
lected from a well-defined and representative sample of the 
most isolated galaxies in the local Universe. Our aim is to 
estimate the age and metallicity of the stellar population for 
pseudo-bulges and classical bulges, and therefore to try to 
disentangle between late slow growth and early rapid as- 
sembly of the stellar mass in these two types of bulges. Our 
study might also shed some hght on the effect of environ- 
ment on bulge formation and evolution. 

This paper is organized as following: In section 2, we 
describe the galaxy sample and the method for stellar popu- 
lations. Section 3 presents the detailed results of the stellar 
population synthesis for pseudo-bulges and classical bulges. 
In the last section we give a brief discussion and summary 
for our work. Throughout the paper, we use Hq = 75 km s ' 
Mpc-i. 



2 Sample and Data Reduction 



2.1 The Sample 



Based on the Catalog of Isolated Galaxies ( IKarachentseva 
1973h and reevaluated morphologically in the context of the 
Analysis of the interstellar M edium of Isolated GAlaxies 
project, jPurbala et alJboOSi DSBV08 hereafter) selected 
a representative sample of isolated spiral galaxies to ana- 
lyze their structural properties. The definition of isolation 
requires that, for a galaxy of diameter D, there is no com- 
panion/neighbor with diameter d of D/4 < d < 4D within 
a distance of 20D. The final sample in DSBV08 contains 
101 galaxies of morphological types Sb-Sc, and was se- 
lected according to the following constraints: (1) 1500 < 
Vr < 10000 km s which could avoid inclusion of local 
supercluster galaxies and ensure an adequate resolution of 
the image from the Sloan Digital Sky Survey (SDSS), (2) 
blue-corrected magnitudes (Verdes-Montenegro et al. 2005) 
'«Bcon < 15, (3) inclination < 70° , and (4) available images 
in SDSS Data Release 6 (Dr6; lAdelman-McCarthy etal 



20081). 

The galaxy sample used in the present work is the result 
of cross-correlating the DSBV0 8's sample with the sp ectro- 
scopic data of the SDSS DR7 jAbazaiian et al.ll2009l) . and 
includes 75 member galaxies. In order to check whether this 
subsample is representative of the total sample of DSBV08 
with respect to the extinction-corrected, integrated (g - i)o 
color and the absolute /-band magnitude (M,), we plot the 
{g - Oo and Mi distributions for the DSBV08 sample and 
our sample using solid and dashed histograms, respectively, 
in Figure 1. We can see that ours has similar distribu- 
tions of (g - Oo and M,- to the DSBV08 sample, except 



that our sample contains a smaller fraction of galaxies with 
-21.5 < Mi <~ -20.5 mag. The g- and /-band photometric 
data, as well as the structural parameters (such as the effec- 
tive surface brightness fi^, the Sersic index «b and the effec- 
tive radius (for the bulge), and the central surface bright- 
ness yUo and the scale length (for the disk)) used in the 
following parts of this paper, are all adopted from DSBV08. 

2.2 Stellar Population Synthesis 

In order to obtain the stellar populations for the bulges 
of these spiral galaxies, we here model the stellar con- 
tribution in the SDSS spectra through the modified ver- 
sion of the stellar pop ulation synthesis code, S TARLIGHllj 
(ICid Fernandeset al.l 20 05 (Cid05), 2007; 



from 



Mateus et al 



2006: lAsari et al.l 120071) , whic h adopted the stellar library 



Bruzual & Chariot (2003). The code does a search for 



the hnear combination of SSPs to match a given observed 
spectrum {0,i). The model spectrum (M,i) is: 

Ma = M,i, [Y.'J:^ xjbjjr,i] ® G(v*, cr^), 
where bjj s LY^{tj,Zj)/L^^^^{tj,Zj) is the spectrum of the 
SSP normalized at Aq, r,i = lO^^^t'^-'-'^.'o) is the redden- 
ing term, x is the population vector, is the synthetic flux 
at the normalization wavelength, A^* is the total number of 
SSPs, G(v*,cr^) is the hne-of-sight stellar velocity distri- 
bution, modeled as a Gaussian centered at velocity v* and 
broadened by cr^,. The match between model and observed 
spectra is calculated by 

where the weight spectrum w,\ is defined as the inverse of 
the noise in Oa- For m ore details, please refer to Cid05 



and lMateus et al.1 ( 120061) . The SSP library follows the work 
of SEAGal Group, and is made up of A^* = 150, in- 
cluding 25 ages (from 1 Myr to 18 Gyr) and 6 metallic- 
ities (Z = 0.005,0.02,0.2,0.4, 1 and2.5Za). The spectra 
were computed with the Salpeter (1955) initial mass func- 
tion (IMF), Padova 19 94 models and the STELIB library 
(iLe Borgne et al ] l2003h . The intrinsic reddening is modeled 
by the foreground dust mo del, using the extinction law of 
Cardelli. Clavton & Mathil ([1989) with Rv^3.\. 

The SDSS spectra cover 3800-9200 A, with a resolu- 
tion {A|^X) of 1800 < R < 2100 and sampHng of 2.4 
pixels per resolution element. The fiber used in the SDSS 
spectroscopic observations has a diameter of 3" on the 
sky. Prior to the synthesis, the Galactic extinction has 
been corrected with a comb i nation of the extinction law of 
Cardelli. Clavton & MathisI (Il989h and the Ab value from 
Schlegel. Finkbeiner & Davisid 19981) as listed in NEe|. The 
spectra are transformed into the rest frame using the red- 
shifts given in the FITS header. The SSPs are normalized 



1 STARLIGHT & SEAGal: |http://www.starlight.ufsc.br/] 
-http://nedwww.ipac.caltech.edu/ 
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Fig. 1 : Number distribution of the isolated spiral galaxies in {g - i)o color (left panel) and absolute ; magnitude (right panel). 
Solid histogram: DSBV08 sample; dashed histogram: the subsample used in the current work. 



at Ao - 4020 A, while the observed spectra are normalized 
to the median flux between 4010 and 4060 A. The signal- 
to-noise ratio (S/N) is measured in the relatively clean win- 
dow between 4730 and 4780 A. Masks of 20 - 30 A around 
obvious emission lines are constructed for each object indi- 
vidually, and more weights are given to the strongest stel- 
lar absorption features such as Ca ii K /I 3934, and the Ca ii 
triplets, that are less affected by nearby emission lines. For 
our sample, the S/N varies between 12.0 and 60.5, and the 
median value is 23.5, with more than eighty-five percent 
> 20. Generally, the fitting results for high S/N objects are 
better than those for low S/N ones. Inspecting the fitting 
results, we find that the goodness of fitting (x^ value) also 
somewhat depends on the absorption line equivalent widths 
(e.g. EW of Can K). A typical example of our fitting result 
for KIG287 (UGC04624) is shown in Figure 2. 



3 Results and Analysis 

3.1 Identification of pseudo-bulges 

For data with high physical spatial resolution, such as im- 
ages observed by the Hubble Space Telescope, previous 
work have often used morphological features, such as nu- 
clear bars, nuclear spirals, a nd/or nuclear rings, to identify 



a bulge as a pseudo-bulge (iKormendv & KennicuttI 120041 : 
Fisheilbooet iFisher & Droryll2008l) . Whereas for images 



with a relatively lower physical spatial resolution, such as 
the SDSS data used here, it is difficult to use such method to 
identify a pseudo-bulge, and criteria based on the photomet- 
ric analysis of the surface brightness profile have also been 



Kormendv & Kennicutt 2004 ; Fisher & 


)rorv 


2008, 


20ld 


Gadottil2009). Kormendv & KennicuttI ( 


2004 suggest that 


pseudo-bulge has a Sersic index ^ 1 to 2. Fisher & Drory 



Sesic index n\, < 2, and all classical bulges have Sesic in- 
dex /lb > 2, both in the optical and in the near-infrared, 
and therefore they propose that the Sesic index can be used 
to classify bulges. Hereafter we refer to this method as 
MOl. By comparing the Kormendy relation (IKormendv 



19771) . i.e., the (//g) - relation (where (//g) is the mean 
effective surface brightness wit hin the e f fectiv e radius, r^), 
of bulges to that of ellipticals, iGadotti (l2009h proposed a 
method (hereafter as "M02") to distinguish pseudo-bulges 
from classical bulges, i.e. the pseudo-bulges satisfy the fol- 
lowing inequality: 



(l^e> > 13.95+ 1.74 X re 



(1) 



(I2008ll2010l) find that more than 90% of pseudo-bulges have 



where (/i^) and rg are measured in the SDSS /-band images, 
and re is in units of parsec. 

Therefore, we can classify these bulges using the above 
two methods. However, we need to check whether our data 
are suitable for identifying pseudo-bulges, i.e., whether the 
structural parameters for these bulges can be reliably de- 
rived. To this purpose, we use the same method as that in 
Gadottil ( 2008 ). and calculate the ratio (Rpst) between bulge 
effective radius and SDSS PS F half w i dth of half maximum 
(HWHM). As pointed out in iGadottil (l2008l) . if re is larger 
than -80 percent of the PSF HWHM, the derived structural 
properties are reliable. In the left panel of Figure 3, we show 
the distribution of Rpsf. We can find that all of the bulges 
have effective radii above 0.8 times the PSF HWHM, and 
that only one bulge has its effective radius below 1 times the 
PSF HWHM. Therefore, it is reasonable to use this sample 
to distinguish pseudo-bulges from classical bulges. 

The right panel of Figure 3 plots (^Ue) (calculat e d from 
yUe and «b using equation (9) in iGraham & Driveii ((20051)) 
against for all bulges in our sample. Bulges with Sesic in- 
dex above and below 2 are given by solid and open symbols 
respectively. According to method MOl, there are 14 clas- 
sical bulges («b > 2) and 61 pseudo-bulges (nb < 2) in our 
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Results of the spectral fitting for KIG287. The top left panel shows the logarithm of the observed (F'^; black line) 



Fig. 2 

and the synthetic [Ff; red line) spectra. The F^ - Ff residual spectrum is shown in the bottom left panel. Spectral regions 
actually used in the synthesis are plotted with a black line, while masked regions are plotted with a green line. Panels in the 
right show the population vector binned in the 25 ages of SSPs used in the model library. The top right panel corresponds to 
the population vector in flux fraction, normalized to Aq = 4020 A, while the corresponding mass fractions vector is shown in 
the bottom right panel. 



sample. The solid line in Fig. 3 gives the dividing line be- 
tween pseudo-bulges and classical bulges based on method 
M02, which results in 23 classical bulges and 52 pseudo- 
bulges. We can find that most M02 -based pseudo-bulges are 
consistent with MO 1 -based results, while M02-based clas- 
sical bulge sample is about 1.6 times large than MOl-based 
one. This difference will affect our results to some extent, 
and we'll discuss it later. 

3.2 SFHs from STARLIGHT Fitting 

Based on the fitting results of STARLIGHT, we can ob- 
tain/derive the following parameters for the bulges in our 
sample: mean stellar age, mean stellar metallicity, the con- 
tribution of flux and mass from different SSPs, and stellar 
velocity dispersion. Both mass- and light-weighted mean 
stellar ages and metallicities are estimated. These properties 
can provide us very useful probes for the SFH studies. 

3.2.1 Mean Stellar Age and Metallicity 

In the left panels of Figure 4, we plot the distributions 
of two mean stellar ages (mass- and light-weighted mean 
ages; Cid05) estimated for all of the bulges in our sam- 
ple, as the dashed and solid histograms show the results for 



pseudo-bulges and classical bulges, respectively. The mass- 
weighted mean stellar age is defined as. 



(log f*)^ = ^//ylogfj. 



(2) 



,/=! 



and the light-weighted mean stellar age is, 

A'* 

(log f*)L= log tj. 

,/=! 



(3) 



where fij and xj represent the fractional contributions to the 
stellar mass and luminosity of the SSP with age tj respec- 
tively. A^* is the number of SSPs. It is easy to understand 
that (f*)jvf is associated with the mass assembly history of 
galaxies, whereas (f*)^ is strongly affected by the recent 
SFH of a given galaxy. The fitting results of these two kinds 
of ages for our b ulges are summarized in Table 1 . Accord- 
ing to Cid05 and iMateus et al.l (120061) . the uncertainties of 
these two parameters depend on the S/N of the input spec- 
tra. In general, the rms of the fitted (log f*)^ is ~ 0.1 dex 
for S/N > 10, while the rms of the fitted (log f*)^ is < 0.1 
dex for S/N > 10. 
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Fig. 3 : Left panel: Distribution of the ratio between bulge effective radius and PSF HWHM for all galaxies in our sample. 
Only one bulge has its effective radius below 1 times the PSF HWHM. Right panel: The mean effective surface brightnes s 
within the effective radius plotted against the logarithm of the effective radius, i.e. the Kormendy relation (iKormendvi 19771) . 
Bulges with Sesic index above and below 2 are shown with solid and open symbols, respectively. The solid line is used to 
separate the bulges into two groups: pseudo (below the Une) and classical. 



Table 1 : Average values of derived parameters for M02-based pseudo-bulges and classical bulges, with corresponding 
standard deviation given in the parentheses. 







(log f*> 




</y) 


</m> 


</o> 




Bulge" 


Number 


(yr) 


(Zo) 


(%) 


(%) 


(%) 


(kms-i) 


Classical 


23 


8.84(0.80) 


0.87(0.38) 


30.10(25.62) 


7.62(12.05) 


62.28(28.75) 


116.7(34.8) 






10.02(0.09) 


1.00(0.25) 


0.45(0.78) 


1.55(3.20) 


98.00(3.29) 






13 


8.74(0.91) 


0.85(0.36) 


34.20(28.60) 


6.73(6.70) 


59.07(30.35) 


129.1(37.1) 






10.03(0.09) 


0.97(0.19) 


0.54(0.84) 


1.21(1.43) 


98.25(1.62) 




Pseudo 


52 


8.68(0.52) 


0.70(0.25) 


34.18(17.89) 


7.93(9.45) 


57.89(22.20) 


72.4(16.2) 






9.92(0.13) 


0.81(0.29) 


0.53(0.77) 


2.58(4.15) 


96.89(4.77) 
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8.52(0.72) 


0.53(0.15) 


44.14(22.32) 


3.62(3.59) 


52.24(24.07) 


63.7(18.4) 






9.89(0.19) 


0.68(0.31) 


0.90(1.14) 


1.83(3.07) 


97.27(4.16) 





"Except for tr*, the first and second rows of each type of bulges are the light(-weighted) and mass(-weighted) results, respectively. The two subsamples 
with small numbers of member galaxies are used to check the aperture effects, see Section 4 for details. 



Figs. 4(a) and (b) respectively show the fraction distribu- 
tions of (log f*)^ and (log f*)^, with purple and red lines for 
MO 1 -based results, and blue and green lines for M02 -based 
results. It is interesting to note that the differences between 
MOl- and M02-based results are very small, and therefore 
we demonstrate results for bulges classified with both meth- 
ods but only discuss the M02 -based results in the follow- 
ing. However, we should also note that MOl-based pseudo- 
bulges and classical bulges are a bit older and younger, re- 
spectively, than M02-based ones,which results in a smaller 
difference in the averaged SFHs between these two types of 
bulges. This might be due to that all inac tive bulges with 
Wb < 2 are above the Kormendy relation (IFisher & Drorv 
2010h . 

From Figure 4 we can see that, in general, both (log f*)^ 
and (log f*)^ of pseudo-bulges tend to be younger than clas- 



sical bulges, which is verified by the average values (as 
shown by the arrows in Figs. 4(a) and (b)) of these two 
stellar ages. As shown in Table 1, the mass-weighted stellar 
ages of pseudo-bulges and classical bulges are both around 
10 Gyr, indicating all bulges are predominantly composed 
of old components. This result is consistent w ith the find- 
ing of iMacArthur. Gonzalez & Courteaul (120091) . who show 
that more than 80% of the stellar mass is contributed by old 
and metal rich stellar populations for all of the eight bulges 
in their sample, using integrated spectra. However, the dis- 
tribution of (logf*)^ for pseudo-bulges has a tail extend- 
ing towards ~3 Gyr, while classical bulges have a narrow 
(log ti,)i^ distribution around 10 Gyr, which suggests that 
pseudo-bulges should have relatively longer mass assembly 
histories than classical bulges, and secular contributions to 
the evolution of pseudo-bulges are more important. 
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Fig. 4 : Statistics on the fitting results. In each panel, purple and red histograms are MOl-based results, and blue and green 
histograms are M02 -based results, and arrows give the average values for classical (solid-headed arrow) and pseudo bulges. 
Left panels: Fraction distributions of the bulges in mean stellar ages. Right panels: Fraction distributions of the bulges in the 
dispersions of {log f*). 



To investigate the SFH of bulges in more detail, we cal- 
culated the light-weighted and mass-weighted standard de- 
viations of the log age, which are defined as the following 
(Cid05), 



o-L (log f*) 



and 



0-M(logf*) = 



1/2 



(4) 



Y^pj(logtj-{log f*)^)- 

7=1 



1/2 



(5) 



These two higher moments of the age distribution could be 
used to distinguish systems dominated by a single popula- 
tion from those which had bursty or continuous SFHs. 

The right panels in Figure 4 display the fraction fre- 
quency histograms of bulges in these two parameters. Both 
of the average values of cr^(log f*) and cri{log f*) are signif- 
icantly larger than zero, indicating that bulges are not dom- 
inated by a single population. At the same time, we can see 
from Figs. 4(c) and (d) that classical bulges have smaller av- 
erage cri{log ti,) and cr^(log f*) than pseudo-bulges, which 
indicates that these two types of bulges have different SFHs. 

Similar to (logr*)^ and (logf*)^, we can define and 
derive light- and mass-weighted mean stellar metallicities. 



(Zv,)£ and (Z*)^, which are listed in Table 1. In Fig- 
ure 5 we compare the distributions of (Z*)/^ and (Z*)^ for 
pseudo-bulges and classical bulges. Pseudo-bulges have 
mass-weighted mean stellar metallicity less than solar abun- 
dance (average value of ~ 0.8 Zq), while classical bulges 
have (mass-weighted) metallicity similar to the solar abun- 
dance (average value of ~ 1 Zq). 

However, this result might not suggest that pseudo- 
bulges are generally less abundant in metal than classical 
bulges. This is because that b ulges are known to follow a 
luminosity-metallicity law (e.g. Jablonka. Martin & Arimoto^ 
and the lower mean metallicity for pseudo-bulges 



may be simply due to them having a lower mean luminos- 
ity in our sample. To check this, we plot the ;-band ab- 
solute magnitude for all bulges ( M, b, calculated from //e . 



Graham & DriveilboOSi) 



n and using equations given in 
vs (Z*)^ in left panel of Fig. 6, with triangles and circles 
showing pseudo- and classical bulges respectively. From 
the figure we can find a weak trend in metallicity with lu- 
minosity, with the Spearman rank correlation coefficient (p) 
of -0.41 at a significance level of ~ 3cr. An obvious feature 
of this relation is that it flattens o ut at the high luminos 



ity end, which has been shown in iTremonti et al. I (120041) 
for ~ 51000 star-forming galaxies (but based on gas phase 
metallicity). Therefore, the apparent lower mean metallicity 
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Fig. 5 : Fraction distributions of the bulges in light- (left panel) and mass-weighted (right panel) mean stellar metallicities. 
Arrows show the average values for classical (solid-headed arrow) and pseudo bulges. Purple and red histograms are MOl- 
based results, and blue and green histograms are M02 -based results. 
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Fig. 6 : The /-band absolute magnitude (left panel) and velocity dispersion (right panel) vs stellar mass-weighted metallicity 
for pseudo- (open triangle) and classical (solid cirlce) bulges. 



of pseudo-bulges, comparing with classical ones, might be 
due to their relatively smaller mean luminosity, as shown in 
Fig. 6. 

3.2.2 The Approximate SFHs 

STARLIGHT provides us the stellar population vector, for 
example the fraction of flux contributed by certain SSPs. 
However, as shown in Cid05, the individual components of 
X are very uncertain, whereas the binned vectors of x, i.e. 
'young' (tj < 10*^ yr), 'intermediate-age' (10*^ < tj < 10'' 
yr), and 'old' (tj > 10^ yr) components (/y, /:, and /o, re- 
spectively), have uncertainties less than 0.05, 0.1 and 0.1, 
respectively, for S/N>10. With the fractions of these three 
stellar populations, a very coarse but robust SFH can be gen- 
erated and the results are shown in Table 1 . 

As shown in Table 1, our stellar synthesis result indicates 
that, in general, classical and pseudo bulges in our sample 
do not seem to much differ from each other in the stellar 
populations. Comparing to classical bulges, pseudo-bulges 



have a bit more contributions from the young (4. 1 % for light 
and 0.1% for mass) and inter-mediate (0.3% for light and 
1 .0% for mass) components and less contribution from the 
old component (accordingly, 4.4% for light and 1.1% for 
mass). Our result suggest that it might be hard to distinguish 
pseudo-bulges from classical bulges only based on their stel- 
lar populations. 

3.2.3 Stellar Velocity Dispersion 

Despite the stellar population vector, STARLIGHT also out- 
puts the broadening parameter, cTi,, which depends on the 
resolution of the SSP library, and the velocity dispersion 
and instrumental resolution of the input spectra. Due to the 
limited spectral resolution of the SDSS spectra, it is recom- 
mended to use only spectra with signal-to-noise ratio above 
10. We have verified that all of the galaxies in our sam- 
ple comply with this criterion. After correcting for the in- 
strumental resolutions of both the SDSS spectra (cTinst ~ 
VOkms^') and the STELIB library (~ 86kms-'), the de- 
rived stellar velocity dispersions for our sample are taken as 
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Fig. 7 : Left panel: Fraction distribution of the pseudo-bulges and classical bulges in the velocity dispersion. Purple and red 
histograms are MO 1 -based results, and blue and green histograms are M02-based results. Ri^ht p anel: Faber-Jackson relation 



for all bulges, with the solid line showing the SDSS /-band result from lLa Barbera et al.l (1201 CI) for early type galaxies. 



the central value without further corrections, although these 
velocity dispersions are obtained through a fixed fiber aper- 
ture with diameter of 3". This is because that, for nearby 
Sa-Sd galaxies, observed cr* profiles are not central peaked 
but nearly constant in the central 10 arcsec region (e.g. 
Heraudeau & Simienlll998 : Gorgas. Jablonka & Goudfrooii 



early type galaxies. We can see from the figure that, most 
pseudo-bulges are indeed below the FJ relation, which sug- 
gests that they have a lower velocity dispersion comparing to 
their classical counterparts. Therefore, our result confirms 
the general finding that classical bulges are more dispersion- 
supported than pseudo-bulges. 



20071) . and the variation of CTj, mea sured with different aper- 



tures is small (iPizzella et al ] |2004 

The right panel of Fig. 6 shows the relationship between 
log(cr^,) and log(Z*)^ for pseudo- and classical bulges. 
This relation also flattens out at high {cr-i,} end, similar to 
that between M,.b and log {Z^)}^. It is not unreasonable be- 
cause both M,.B and (cr^.) can trace the stellar mass for a 
more fundamental relation, the stellar mass-metallicity re- 
lation. The distribution of pseudo- and classical bulges in 
the cTi, - Z* plot further confirms that pseudo- and classi- 
cal bulges have different mean stellar metallicities may be 
simply due to they having different stellar masses. 

The fraction distributions of the velocity dispersions for 
pseudo-bulges and classical bulges are plotted in the left 
panel of Fig. 7. From the figure we can see that about a half 
of the sampled pseudo-bulges have their cr,^ < cri„st, which 
will result in a serious uncertainty. However, these measure- 
ments are still used as a very rough estimation, and it will not 
affect our main conclusion that classical bulges have larger 
velocity dispersions than pseudo-bulges (see Fig. 7) in our 
sample. As shown in Table 1, the mean values of the velocity 
dispersions for pseudo ((cr^^)p) and classical ((cr.^)^,) bulges 
are 72.4 +16.2 km s"' and 1 16.6 + 34.8 km s"', respectively. 

One characteristic of pseudo-bulges is their positions 
with r espect to the Faber-Jackson relation (FJ; Faber & Jackson^ pretation of the derived stellar populations is not straightfor- 



4 Discussion and Conclusions 

In this paper we present the stellar population synthesis re- 
sults for a sample of 75 isolated classical bulges and pseudo- 
bulges, using the SDSS spectra and the STARLIGHT code. 
For this sample we find that the stellar population of pseudo- 
bulges is, in general, younger and less abundant in metal 
than that of classical bulges, while these differences are not 
significant, and both types of bulges are predominantly com- 
posed of old stellar populations, with mean mass-weighted 
stellar age around 10 Gyr The apparent lower mean stellar 
metallicity of pseudo-bulges, comparing with classical ones, 
may be simply due to that they have relatively smaller mean 
stellar masses. Pseudo-bulges have star formation activities 
with relatively longer timescale than classical bulges, indi- 
cating that secular evolution is more important in this kind 
of systems. By comparing the positions of pseudo-bulges 
with respect to the FJ relation, we confirm the general find- 
ing that classical bulges are more dispersion-supported than 
pseudo-bulges. 

However, the spectra for all bulges used in the current 
work were obtained through a fixed-size aperture, the inter- 



19761) . which is a correlation between the central velocity 



dis persion of elliptical galaxies/b ulges and their luminos- 
ity. iKormendv & KennicuttI (120041) show that pseudo-bulges 
fall well below this relation. In the right panel of Fig. 7, 
we show the relation between the velocity dispersion and 
absolute magnitude for all bulg es, with the solid l ine sh ow- 
ing the SDSS /-band result from La Barbera et al. I (1201 oh for 



ward as they may be contaminated by the disk population 
superimposed on the line of sight. Therefore, we need to ad- 
dress the question of how much contamination by the light 
of the disk can affect our results. In the following, we will 
discuss the disk contamination. 

In the Uterature, several works (e.g. Jablonka. Martin & Arimoto^ 



1996[ iPrugniel. Maubon & Simie nl200ll) have discussed the 
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Fig. 8 : Fraction distributions of the bulge to disk /-band lu- 
minosity ratio (ri.s) for the pseudo-bulges (dashed) and clas- 
sical bulges (solid), with arrows showing the median values. 
The vertical dashed line gives the position of Lb/i-d = 6. 



estimation of the level of contamination by th e disk light. 
The methods in 



____ Jablonka Martin & Arimotol (1 19961) and 

Prugniel. Maubon & Simie nl (1200 lb are similar, i.e., the for- 
mer defined a radius, R^, within which the light from bulge 
(Lb) is about 6 times more than that from the disk (Ld). 
whereas the latter defined R'^ by gi,{R'^)/gi{R'^) - 6, where 
gb and gi are respectively the growth curves for the bulge 
and for the disk. The growth curves give the flux integrated 
in an aperture parameterized by the equivalent radius, i.e. a 
ge ometric average of major and minor axes. As pointed out 
in Prugniel. Maubon & Simier] (2001), although the defini- 



tions of R(, and R'^ formally differ, in practice the values are 
close. 

In the current work, we use the same idea as Jablonka 
et al.'s. However, here we calculate the bulge to disk lumi- 
nosity ratio within r - 1".5, i.e. n.s = Lb(l"-5)/Ld(l"-5), 
instead of R(„ for our fixed-size aperture with radius of 1".5. 
Then we compare ri g with Lb{R(,) / L^iR^) = 6. Given 
the values of /ie, nb, /"e, Mo. and from DSBVOS's pho- 
tometric decomposition based on the SDSS /-band images, 
ri g can be calcu l ated u sing the explicit forms shown in 
Graham & Driven ( l2005h . In Figure 8 we demonstrate the 
fraction distributions of ri 5 for pseudo-bulges (dashed line) 
and classical bulges (solid line), with the superimposed ver- 
tical dashed Une giving the position of Lb/^d = 6. We 
can see that the media values of ri 5 (arrows in the figure) 
are 1.7 and 8.2, for pseudo-bulges and classical bulges re- 
spectively, which indicates that about a half of the spectra 
for the pseudo-bulge sample, whereas only a small fraction 
of the classical bulge sample, are seriously contaminated 
(Lb/Ld < 2) by the light from the disk. Therefore, we need 
to check to what extent our results can be reliably retrieved. 

To the above purpose, we draw subsamples with ri.5 > 6 
both for the pseudo-bulge and classical bulge samples. As 
listed in Table 1, the subsamples of pseudo-bulges and clas- 
sical bulges contain 7 and 13 member galaxies, respectively. 



The mean values of the parameters presented in Section 3.2 
for these two subsamples are also given in Table 1. It is 
interesting to find that, in general, the diff'erences of the de- 
rived parameters between the two subsamples and their par- 
ent samples are small, which indicates that the bulge and 
inner disk might have similar stellar populations. Therefore, 
our results might not be much affected by the contamination 
by the disk. However, these two subsamples, especially the 
pseudo-bulge subsample, are much smaller than their par- 
ent samples, which can lead to much uncertainty. Our re- 
sults need to be checked using a much larger sample that 
covers the entire Hubble types of spiral galaxies, while al- 
ready these results provide important clues for bulge forma- 
tion and evolution models. 
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